We demonstrate an on-chip sensor for room-temperature detection of methane gas using a broadband spiral chalcogenide glass waveguide coupled with off-chip laser and detector. The waveguide is fabricated using UV lithography patterning and lift-off after thermal evaporation. We measure the intensity change due to the presence and concentration of methane gas in the mid-infrared (MIR) range. This work provides an approach for broadband planar MIR gas sensing. Analysis of the composition and concentration of chemical vapor mixtures is important in many fields including environmental monitoring, 1 forensic analysis, 2 and medical diagnoses. 3 The measurement of characteristic infrared absorption spectra has been widely used to gather such information. Traditional IR optical sensors use free-space geometry to measure transmission through a gas chamber. With the development of microphotonic fabrication technology, bulky free-space structures can be replaced by their on-chip counterparts enabling smaller footprints and reduced power consumption. Near-infrared (NIR) on-chip spectroscopy devices exist for various applications. [4] [5] [6] [7] [8] [9] [10] However, similar devices for the mid-infrared (MIR) regime (typically from 3 to 10 lm) are required because fundamental vibrational modes of most chemical bonds are located in this regime. 11 A number of material systems are currently being actively investigated for MIR sensing applications. [12] [13] [14] [15] [16] [17] [18] In particular, chalcogenide glasses (ChGs) have been proposed as attractive material candidates due to their wide transparency range (from visible to far infrared), low processing temperature, and large capacity of compositional alloying. 19 In this paper, we design and fabricate an on-chip chalcogenide glass mid-infrared gas sensor, whose performance is then quantified using methane-nitrogen gas mixtures. To fabricate the device, a 3 lm thick thermal oxide layer is grown on a silicon substrate followed by spin-coating of a 1.8 lm thick photoresist (NR9) over the oxide and subsequent patterning using a Karl Suss MA4 Mask Aligner. A thick (1.2 lm) chalcogenide glass film (Ge 23 Sb 7 S 70 ) is deposited on the patterned substrate using a thermal evaporator (PVD Products, Inc.). The NR9 photoresist is lifted off in acetone and the sample is baked at 120 C in a vacuum oven to remove moisture. The device characterization set-up is shown in Figure 1 . The light source is a broadly tunable (2.5-3.8 lm, 5 nm linewidth) laser (Firefly, M Squared Laser Ltd.), which is coupled to a ZrF 4 MIR single mode fiber. Light from the fiber output is collected by an MIR camera for imaging and intensity measurements. Methane and nitrogen gas flows are controlled by individual mass flow controllers with a typical total flow rate of 3 sccm. After mixing, the gas mixture is delivered from the top of the sample into a polydimethylsiloxane (PDMS) chamber. The total pressure in the chamber is 1 atm and the measurement is conducted at room temperature.
Our optical chip design includes a broadband spiralwaveguide sensor which significantly enhances the evanescent wave interaction length while maintaining a small device footprint, as shown in Figure 2 (a).
The design and operation of the polymer gas chamber present an unusual challenge due to the chosen MIR wavelength regime. The chamber is usually made of PDMS or other polymers for an air-tight seal. However, such polymers contain a large number of C-H bonds which absorb strongly in the MIR, especially near the absorption peak of methane gas. A direct exposure of the optical mode within the sensor to the PDMS chamber walls will dramatically decrease the transmission intensity and diminish the signal to noise ratio. To overcome this problem, we increase the waveguide width to 15 lm at the intersection of the waveguide and the PDMS wall region and then taper the width down to 2 lm within the chamber to maintain single-mode operation, as shown in Figure 2 (b). According to our simulation using Film Mode Matching (FMM) method (FIMMWAVE, PhotonDesign), at the PDMS wall region, light is well confined within the wider waveguide leaking less than 1% of the waveguide optical mode (evanescent field) to interact with PDMS. When the width goes back to 2 lm, the evanescent field increases to 8%. This design increases the sensitivity of the device. The cross sectional image of the 2 lm Â 1.2 lm waveguide in the chamber is shown in Figure 3 .
The absorption spectrum of pure methane is measured through the waveguide, as shown in Figure 4 . For this sensor, the total interaction length between light and gas mixture in the chamber is 2 cm (including the straight waveguide before and after the spiral parts which is around 1 cm long). The waveguide loss is around 7 dB/cm (mainly from the sidewall roughness) and the coupling loss is about 5 dB per facet. We measured the intensity at different wavelengths under nitrogen gas flow and use it as the baseline. Then we turn off N 2 gas and deliver 100% methane to the chamber. According to the Beer-Lambert Law T ¼ expðÀaCCLÞ; (1) where T is the transmittance which is defined as the optical intensity transmitted through the waveguide immersed in the gas mixture normalized by the intensity with pure nitrogen gas. a is the absorption coefficient of 100% methane (partial pressure 1 atm). C is the volume concentration of methane. C is the confinement factor which indicates the overlap between the gas analyte and the optical mode (evanescent field). L is the total length of the waveguide. From Figure 4 , we can find the absorption peak at 3310 nm. At 3310 nm the calculated absorbance per centimeter of methane calculated from the experimental data is 1.9, which matches the value from the NIST spectral database. 20 From the database of NIST, the absorbance at 3310 nm for 5 cm long path with 20% methane gas is about 1.6 (this equals to 1 cm long path with 100% methane). In a subsequent experiment with different methane concentrations, we choose to monitor the transmission change at 3310 nm, and the result is plotted in Figure 5 . The data observed in Fig. 5 agree well with the transmittance for 100% methane (10 À0.3 ), which is about a 3 dB loss and a transmittance of 50%.
As expected, with increasing methane concentration, the transmittance decreases as shown in Fig. 5 . The error bar in the plot results from the standard error of the multiple measurements. The major source of the error is the laser power fluctuation. By (i) increasing the total length of the waveguide or (ii) decreasing the width of the waveguide in the chamber, we can further improve the sensitivity of the device. With the same detection setup, the maximum effective length of the waveguide is around 4 cm before reaching the noise floor of the detector. The detection limit with current setup is around 2.5%. The major limits are the performance of the light source as well as the transmission loss of the waveguide. If the waveguide loss drops to 1 dB/cm (e.g., by using photoresist reflow or e-beam lithography patterning), the maximum effective length can be extended to about 30 cm and the detection limit will decrease to about 0.4%. In comparison, the free-space measurement with same light source, detector, and footprint can reach a detection limit of 0.2%.
In conclusion, we demonstrate on-chip room-temperature MIR detection of methane/nitrogen gas compositions. We use a spiral-structure design to increase the interaction length and we use tapered waveguide structures to avoid high absorption loss at the intersection of the polymer chamber sidewall with the chalcogenide glass waveguide. The methane absorption peak at 3310 nm is used to quantify methane concentration in nitrogen down to 2.5 vol. %.
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